The refractive index (RI) of light propagating in a medium of quark-gluon plasma (QGP) is studied. The weakly coupled QGP is studied in the framework of hard-thermal-loop (HTL) perturbation theory, and the strongly coupled one is treated based on the holographic approach. In more realistic setups, the feasibility of observing the optical phenomenon related to the RI of QGP is also discussed.
Introduction
The quark-gluon plasma (QGP) is believed to be a new state of matter in Quantum Chromodynamics (QCD) phase diagram [1] . One of the main goals of heavy ion collision is to study the properties of the QGP. There are photons emitted and propagating through the fireball of the collision [2, 3] , its optical property is an important and interesting topic. An important optical property is the refractive index (RI), which is found by measuring the speed of light in a medium with respect to the vacuum.
The RI of a medium is affected by the process when the photon is propagating throughout and interacting with the modes of the medium. Such process induce a correction to the free action which gives rise to a self-energy of photons * E-mail: mjluo@mail.ustc.edu.cn at linear order [4] ,
whereẼ andB are covariant electric and magnetic field strengths defined by using a fluid 4-velocity. The correction term can be absorbed into the free action and gives rise to an effective action. The parameters, such as electric permittivity, , and magnetic permeability, µ, in the effective action encode the medium effects to the photons which is directly related to the ordinary RI ( 2 = µ). However, deducing the and µ from the effective action is not so straightforward, it depends on different magnetic responses to the external magnetic fields. We classify the plasma into two types, the magnetizable and nonmagnetizable plasma, according to the effectiveness of the notion of magnetic moment and/or magnetic permeability. For the magnetizable plasma, the effective action can be written as the ordinary form in which the magnetic permeability is meaningful,
(2) For the non-magnetizable plasma, which the magnetization loses its physical meaning, as argued by Landau and Lifshits [5] , the magnetic permeability is set to be unity and the effective reaction can be seen as
in which the˜ is a generalized electric permittivity. The effective permittivity and permeability come from the expansion of˜ in power of to the first and second order, respectively.
Weakly coupled QGP
In this section the self-energy of the photon Π µν will be deduced, this can be achieved by assuming that when the temperature of the QGP is much higher than the critical temperature, the QGP is weakly coupled and the perturbation theory can be applied. Along the direction, the photon self-energy in a plasma can be deduced by the standard perturbative technique of Feynman diagram at finite temperature and chemical potential. As a complete calculation of the self-energy is rather involved because of the significant high temperature, we limit ourselves to the high temperature approximation. When the temperature is much larger than the quark masses and external momentum, the so-called the Hard-Thermal-Loop (HTL) part [4, 6, 7] of the self-energy. It can be projected as Π µν = Π T P µν + Π L Q µν , and the transverse and longitudinal part read,
where P µν Q µν are the transverse and longitudinal projectors, and D is the Debye mass depending on the temperature and chemical potential. Fig. 1 and Fig. 2 . The behavior of RI is different in magnetizable and non-magnetizable plasma [9] . A rich frequency structure of RI has been found in the magnetizable plasma at the regime below the plasma frequency ω ∼ √ 1/3 D . The QGP is opaque in the range between the pole ω and ω . Although the RI becomes negative at | | < ω < ω ∼ √ 1/15 D , it does not correspond to any propagating modes. The structure of the non-magnetizable plasma below the ω is trivially a gap which damps the light propagating in it.
RI in

Strongly coupled QGP
When the temperature is close to the critical temperature, the interaction becomes strong and as such the calculations of the self-energy are notoriously difficult. However, it is conjectured that a strongly coupled gauge theory is dual to a string/M theory in AdS space, the holographic approach. It allows us to deduce the self-energy of light in a strongly coupled medium. The holographic approach is evidently a good description of the strongly coupled QGP, a famous prediction of the approach is the small ratio of the shear viscosity to the entropy density which agrees well with the measurement at Relativistic Heavy Ion Collider (RHIC) experiment [10] . Recently, a more interesting phenomenon called negative refractive index (NRI) is found in strongly coupled mediums with a finite chemical potential by using the holographic approach, which was first proposed in Ref. [11] and followed in Refs. [12] [13] [14] [15] . Furthermore, it was proven to be a possible generic phenomenon in charged hydrodynamical systems and the non-magnetizable QGP [16] . The NRI is a very exotic electromagnetic phenomenon of materials, in which the phase velocity of the light propagating in it is in the opposite direction to the energy flow. It will lead to many interesting phenomenon of light, e.g. the modified fraction law and bremsstrahlung radiation, the reverse Doppler shift and reverse Cherenkov radiation (see, e.g. [9] and references therein).
Discussions
The possibility of the presence of these optical effects in the QGP produced from the actual heavy ion collider is a more practical problem. Here we discuss some of the difficulties in observing the phenomenon in the collider. First, the characteristic frequency which the interesting optical effects happen is of order of the Debye mass D ∼ T . Considering the temperature is of the order of O (10 2 ) MeV, the wavelength is then O (10 2 ) fm. So the characteristic wavelength is several orders larger than the typical size of the sample of QGP, which is considered to be of the order of a few fm. Second, most photons detected in experiments carry energies of a few hundreds of MeV, while the characteristic frequency is O( T ) ∼ 1 MeV, it is hard to detect the low energy photons due to the complex background measured in heavy ion collisions. Therefore, such optical effects are difficult to be tested in the actual colliders. The behavior is very different between the weakly coupled QGP and the strongly coupled one. There is a frequency pole below ω for permeability and RI, but there is no pole in a non-magnetizable plasma and for the strongly coupled QGP. The propagating light modes with NRI do not occur in the weakly coupled QGP, which marks the main distinction from a weakly coupled plasma and the strongly coupled one.
In this paper, we have discussed the behavior of the RI of light propagating in a weakly and strongly coupled QGP. The weakly coupled case can be treated by the perturbative HTL approach, the strongly coupled case is studied using the holographic approach. There are rich frequency structures and many interesting phenomenon of RI which occur at low frequencies. Unfortunately, in more realistic setups, these optical phenomenon are expected to be very difficult to observe.
